The cytokine IL-12 induces IFN-γ production by T and NK cells. In preclinical models, it contributes to antitumor immunity. However, in clinical testing, it has shown limited benefit in patients with any one of a variety of malignancies. Moreover, in a clinical trial testing a combination of IL-12 and rituximab in patients with follicular B cell non-Hodgkin lymphoma (FL), those treated with IL-12 showed a lower response rate, suggesting that IL-12 actually plays a detrimental role. Here, we investigated whether the failure of IL-12 treatment for FL was due to T cell exhaustion, a condition characterized by reduced T cell differentiation, proliferation, and function, which has been observed in chronic viral infection. We found that extended exposure to IL-12 induced T cell exhaustion and contributed to the poor prognosis in FL patients. Long-term exposure of freshly isolated human CD4 + T cells to IL-12 in vitro caused T cell dysfunction and induced expression of TIM-3, a T cell immunoglobulin and mucin domain protein with a known role in T cell exhaustion, via an IFN-γ-independent mechanism. TIM-3 was required for the negative effect of IL-12 on T cell function. Importantly, TIM-3 also was highly expressed on intratumoral T cells that displayed marked functional impairment. Our findings identify IL-12-and TIM-3-mediated exhaustion of T cells as a mechanism for poor clinical outcome when IL-12 is administered to FL patients.
Introduction
Follicular B cell non-Hodgkin lymphoma (FL), the second most frequent type of non-Hodgkin's lymphoma (NHL), is characterized by the presence of a significant number of T cells in the tumor microenvironment that have a substantial impact on antitumor immunity and patient outcome (1, 2) . Previous studies have shown that the type of T cell-mediated immune response, which is regulated by the cytokine milieu, determines antitumor immunity (3) (4) (5) , thereby having an impact on patient outcome in FL (6) (7) (8) . Recently, a type of immune response termed T cell exhaustion, describing the condition in which T cells exhibit reduced differentiation, proliferation, and effector function, has been characterized and validated in chronic viral infections, such as lymphocytic choriomeningitis (9, 10) , AIDS (11, 12) , and hepatitis (13) (14) (15) . In tumors, it has been observed that intratumoral T cells display a phenotypic and functional profile similar to that of exhausted T cells from chronic viral infection (16, 17) , suggesting that intratumoral T cells can be functionally exhausted due to tumor antigen overload (18) .
IL-12 is a heterodimeric cytokine composed of p35 and p40 subunits; it induces IFN-γ production by T and NK cells and contributes to antitumor immunity. However, administration of IL-12 to boost antitumor immunity in cancer patients has been shown to have minimal or no clinical benefit (19) . In fact, a clinical trial of IL-12 in combination with rituximab in FL showed a lower response rate in patients treated with the combination than in patients treated with rituximab alone (20) , suggesting that, in contrast with the observations in vitro or in vivo in mice, IL-12 actually plays a detrimental role in lymphoma patients. However, the underlying mechanism mediating inferior effects of IL-12 on FL patients is unknown.
TIM-3, a family member of T cell immunoglobulin and mucin domain proteins, has been shown to inhibit T H 1-mediated autoand alloimmune responses and to promote immunological tolerance (21, 22) . Recently, a growing number of studies have suggested that, instead of functioning as an inhibitor for T H 1 cells, TIM-3 actually plays a crucial role in mediating T cell exhaustion and contributing to negative immune responses both in viral infections and in tumors (23) (24) (25) (26) (27) (28) . However, its biological and clinical relevance in cancer patients and what pathway is involved in the regulation of TIM-3 expression on T cells is completely unknown.
In FL, previous studies have shown that intratumoral T cells display decreased proliferative capacity and effector function (29) (30) (31) , suggesting the existence of T cell dysfunction or exhaustion in the tumor microenvironment of FL. Given the crucial role of TIM-3 in T cell dysfunction or exhaustion and inferior effects of IL-12 on FL patients, we determined in the present study whether T cell exhaustion exists in FL and is possibly associated with TIM-3 expression, whether IL-12 contributes to T cell exhaustion, and whether T cell exhaustion has an effect on patient outcome in FL patients.
Results

Serum levels of IL-12 are elevated and correlate with poor outcome in FL.
To identify cytokines that may be important in FL, we performed a multiplex ELISA (Luminex) on serum specimens obtained from previously untreated patients who were enrolled in a clinical trial testing the efficacy of the anti-CD20 mAb rituximab as initial therapy and compared the levels of 30 cytokines in these patients to those in healthy controls. Similar to a previous work (32 ) , we observed that serum IL-12 levels were elevated in untreated FL patients when compared with healthy individuals ( Figure 1A ). We then correlated patient clinical data with serum IL-12 levels and found that higher pretreatment serum IL-12 levels were associated with a shorter progression-free survival ( Figure 1B) .
We next determined which cells were producing IL-12 by both ELISA and intracellular cytokine staining. Freshly isolated T cells, B cells, or monocytes from peripheral blood of healthy individuals or biopsy specimens of FL patients were cultured in the absence or presence of IFN-γ followed by treatment with LPS. The culture supernatants were collected, and IL-12 levels were measured by ELISA. Cells were then restimulated with phorbol myristate acetate/ionomycin (PMA/ion) in the presence of brefeldin A for 5 hours and subjected to cytokine intracellular staining. As shown in Figure 1C , monocytes stimulated with IFN-γ plus LPS secreted the highest levels of IL-12, while B cells from FL also produced a substantial amount of IL-12. In contrast, B cells from healthy individuals and T cells from either healthy individuals or FL patients were not able to produce IL-12 in response to IFN-γ/LPS stimulation. Corresponding to these data, we found by flow cytometry that the cells stimulated with IFN-γ/LPS that were able to produce IL-12 were monocytes from both healthy individuals and FL patients as well as B cells only from FL patients ( Figure 1D ). These results indicated that in FL, both CD19 + B cells and CD11c + monocytes were able to produce IL-12, while in healthy individuals, CD11c + monocytes were the primary source of IL-12. Supporting this finding, serum IL-12 levels decreased in patients (n = 30) after rituximab therapy was given to deplete lymphoma B cells (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI59806DS1). These data indicate that lymphoma B cells play an important role in contributing to elevated IL-12 levels, especially in light of the fact that the frequency of CD11c + monocytes is low in FL biopsies (Supplemental Figure 1B) .
Long-term culture with IL-12 in vitro impairs CD4 + T cell function. In addition to utilizing clinical specimens, we also measured the effect of long-term exposure to IL-12 in vitro on T cell function. It is well known that IL-12 induces IFN-γ expression in T cells (33) , and we confirmed that short-term incubation with IL-12 increased IFN-γ production and slightly promoted intratumoral T cell proliferation in FL (Supplemental Figure 2, A and B) . We also found that IL-12 inhibited the production of IL-2 and IL-17 in intratumoral T cells (Supplemental Figure 2B) . IL-12 receptor consists of 2 subunits, IL-12Rβ1 and IL-12Rβ2, and coexpression of these 2 subunits is required for the generation of high-affinity IL-12-binding sites. As shown in Supplemental Figure 2C , IL-12Rβ1 was expressed on resting T cells at a low level, but was inducible upon activation of T cells. In contrast, IL-12Rβ2 was constitutively expressed on intratumoral T cells and its expression was maintained on activated intratumoral cells. Similarly, IL-12Rβ2 was constitutively expressed on peripheral blood T cells and its expression persisted on activated T cells. Again, IL-12Rβ1 was expressed on resting T cells at very low levels, but was inducible upon activation of T cells (Supplemental Figure 2D) .
To determine the effect of long-term exposure to IL-12 on CD4 + T cell function, we cultured freshly isolated CD4 + T cells from peripheral blood of healthy individuals in anti-CD3-coated plates in the presence or absence of IL-12 (100 ng/ml) and measured IL-2 and IFN-γ production. Recombinant IL-2 (20 ng/ml) was added into medium to maintain T cell viability in this prolonged culture. As shown in Figure 1E , we again observed that short-term incubation with IL-12 increased IFN-γ production in CD4 + T cells compared with IL-12-untreated cells. Interestingly, at day 14, CD4 + T cells began to lose their capacity to respond to IL-12 by upregulating IFN-γ production. Similarly, long-term culture with IL-12 also inhibited T cell secretion of IL-2 ( Figure 1E ). Supporting these data, we found that despite elevated serum levels of IL-12 in FL patients and the ability of IL-12 to promote T H 1 cells, we were not able to observe an increased number of intratumoral T H 1 cells in FL ( Figure 1F) . Furthermore, the number of intratumoral T H 17 cells was significantly low in FL ( Figure 1F ), given that IL-12 inhibits T cell production of IL-17 induced by IL-6 plus IL-1β (Supplemental Figure 2B ). Since long-term culture would cause significant cell death, we wondered whether cell death may be the cause of IL-12-induced T cell dysfunction. As shown in Supplemental Figure 2E , using annexin V (AnV) and propidium iodide (PI) staining, we observed that the number of dead cells (AnV + PI + ) was below 15% on day 21. Although a significant number of T cells were apoptotic (AnV + PI -) with a long-term culture, approximately 20% remained viable (AnV -PI -) on day 21 (Supplemental Figure 2E ). We therefore gated on viable cells when we analyzed the data (Supplemental Figure 2F ). The data presented in Figure 1E show the result seen in the population of viable cells. These results suggested that long-term exposure to elevated IL-12 levels impaired T cell function, which may result in insufficient antitumor immunity in FL.
TIM-3-expressing T cells are highly represented and functionally exhausted in FL. To explore underlying mechanisms by which IL-12
impairs T cell function that may result in a detrimental outcome in FL patients, we determined the expression and function of TIM-3, expression of which has recently been shown to be associated with impaired T cell function and T cell exhaustion (23) (24) (25) (26) (27) . We found that TIM-3 was highly expressed on a subset of T cells from PBMCs or LNs from FL patients, while its expression was negligible or moderate on T cells from control PBMCs or benign LNs, respectively ( Figure 2, A and B) . The number of TIM-3 + T cells accounted for approximately 32% and 39% of CD4 + or CD8 + T cells, respectively, in biopsy specimens and 6.2% and 6.7% in peripheral blood of FL patients ( Figure 2 , C and D), which was significantly higher than healthy tissue. We also determined TIM-3 expression on innate immune cells, since it has been shown that TIM-3 expression on innate immune cells plays a key role in promoting inflammation (34) . Unlike T cells, we observed a similar expression pattern of TIM-3 on innate immune cells in that TIM-3 was expressed on almost all CD11c + or CD14 + cells from peripheral blood and biopsy specimens of healthy individuals and FL lymphoma patients ( Figure 2, A and B) , although the frequency of CD11c + or CD14 + monocytes was significantly lower in biopsy specimens of FL lymphoma patients (Supplemental Figure 1B) , suggesting that there was no difference in terms of TIM-3 expression on innate immune cells between healthy individuals and FL patients.
To functionally characterize TIM-3 + T cells, we first measured the proliferative capacity and cytokine production of intratumoral TIM-3 + T cells in FL. By CFSE staining, we found that TIM-3 + CD4 + or CD8 + T cells exhibited a reduced ability to proliferate compared with TIM-3 -CD4 + or CD8 + T cells in response to TCR activation ( Figure 3A) . Cytokine production was measured by intracellular staining in TIM-3 + or TIM-3 -CD4 + or CD8 + T cells stimulated with PMA/ion in the presence of brefeldin A for 4 hours. As shown in Figure 3B , there was less cytokine production by TIM-3 + CD4 + or CD8 + T cells than TIM-3 -CD4 + or CD8 + T cells. The numbers of cytokine-producing (IL-2, IFN-γ, or IL-17 by CD4 + T cells and IL-2, IFN-γ, or granzyme B by CD8 + T cells) cells were higher in TIM-3 -CD4 + or CD8 + T cells compared with TIM-3 + CD4 + or CD8 + T cells ( Figure 3B ). Next, we determined whether cell signal transduction was also decreased in TIM-3 + T cells. T cells were treated with or without IFN-γ, IL-6, IL-12, or IL-2, respectively, and phosphorylation of STAT1, -3, -4, or -5 in TIM-3 -or TIM-3 + T cells was measured by Phosflow. We found that intratumoral TIM-3 + T cells had reduced cell signaling. Significantly less phosphorylation of In order to distinguish whether intratumoral TIM-3 + T cells are exhausted or senescent, we measured CD28 expression on TIM-3 + T cells, since loss of CD28 is seen with T cell senescence (35) . We found that almost all TIM-3 + T cells were CD28 + T cells. The number of TIM-3 + T cells with CD28 loss was negligible, indicating TIM-3-expressing T cells are not senescent ( Figure 3E ). Furthermore, that decreased ability to produce cytokines was restored by IL-2 further suggested that TIM-3-expressing T cells were exhausted rather than senescent cells (data not shown). Intratumoral TIM-3 + T cells expressed CD45RO and lacked expression of CCR7 and CD62L, suggesting an effector rather than central memory phenotype ( Figure 3E ).
TIM-3 is coexpressed with PD-1 on intratumoral T cells in FL. TIM-3
was originally identified through a screen for T H 1-specific markers and has since been found on other types of cells such as CD8 + T cells, T H 17 cells, Tregs, monocytes, dendritic cells, mast cells, and microglia. To phenotypically characterize TIM-3 + T cells, we analyzed intratumoral TIM-3 + cells for expression of T-bet, GATA-3, RORγt, or Foxp3, and lineage markers for T H 1, T H 2, or T H 17 cells or Tregs, respectively, in FL (36) . A concomitant expression pattern of TIM-3 and T-bet was seen in a small population of CD4 + T cells in some FL biopsy samples, supporting the notion that TIM-3 is expressed by T H 1 cells ( Figure 4A and Supplemental Figure 3) . However, the finding that the majority of intratumoral TIM-3 + T cells lack expression of T-bet and that some T-bet + cells are not TIM-3 + T cells indicated that TIM-3 is not a specific marker for T H It has been demonstrated that programmed death 1-expressing (PD-1-expressing) T cells are functionally exhausted in viral infection (11, 12) and tumors (25, 26) . To phenotypically confirm functional exhaustion of TIM-3 + T cells, we determined whether intratumoral TIM-3 + T cells coexpressed PD-1 in FL. We did find that TIM-3 + CD4 + or CD8 + T cells coexpressed PD-1 ( Figure 4B ). Supporting this finding, we observed that there was a strong correlation between TIM-3 + CD4 + or CD8 + T cells and PD-1 + CD4 + or CD8 + T cells, respectively ( Figure 4C ). However, we found that a population of PD-1 + CD4 + T cells in LNs of FL lacked TIM-3 expression. We further identified that this subset of cells was phenotypically consistent with follicular T helper cells (T FH ), based on coexpression of CXCR5 and PD-1 (refs. 37-39 and Figure 4D ), indicating that TIM-3 may be more specific as a marker for exhausted T cells in FL.
IL-12 induces TIM-3 expression on T cells independent of IFN-γ production. The underlying mechanism mediating the regulation of TIM-3
expression and thereby contributing to increased numbers of TIM-3 + T cells in FL is unknown. Given elevated serum levels of IL-12 in FL, we tested to determine whether IL-12 has an impact on TIM-3 expression on T cells. Freshly isolated T cells from peripheral blood of healthy individuals were cultured in anti-CD3-coated (0.2 μg/ml) plates in the presence or absence of increasing doses of IL-12 (0-100 ng/ml) or other cytokines for 3 days, and TIM-3 expression was detected by flow cytometry. Among several cytokines tested, IL-12 (100 ng/ml) was the only cytokine that strongly induced TIM-3 expression (Supplemental Figure 4A ). T cells, including CD4 + and CD8 + subsets treated with IL-12, expressed TIM-3 in a dose-dependent manner ( Figure 5A ). Supporting this finding, blockade of IL-12 activity by a neutralizing IL-12 Ab attenuated the upregulation of TIM-3 expression (Supplemental Figure 4B) . We found that neither the p35 nor p40 subunits of IL-12, nor of IL-23, was able to induce TIM-3 expression, indicating that IL-12 p70 is essential to inducing TIM-3 expression (Supplemental Figure 4A) . Although activation alone was capable of upregulating TIM-3 expression in a dose-dependent manner, addition of IL-12 further enhanced the upregulation of TIM-3 expression (Supplemental Figure 5, A and B) .
To determine the biological relevance of IL-12-induced TIM-3 expression in FL, we tested the effect of endogenous IL-12 production by lymphoma B cells or macrophages stimulated through LPS/IFN-γ on TIM-3 expression on intratumoral CD4 + T cells. We The activation of STAT4 and resultant upregulation of T-bet expression have become major events of IL-12 signaling in CD4 + T cells (40) . To test whether interruption of IL-12 signaling affects TIM-3 expression, we determined the effect of the blockade of T-bet and STAT4 on IL-12-mediated TIM-3 expression on CD4 + T cells isolated from peripheral blood of healthy individuals. By using a T-bet or STAT4 siRNA, we found that TIM-3 expression induced by IL-12 (100 ng/ml) was attenuated on CD4 + T cells transfected with either T-bet or STAT4 siRNA. As a control, transfection of CD4 + T cells with STAT5 siRNA had no effect on IL-12-induced TIM-3 expression ( Figure 5C ). In support of these data, treatment of CD4 + T cells with lisofylline, a chemical inhibitor of STAT4, decreased IL-12-induced TIM-3 expression at a dose-dependent manner (Supplemental Figure 6A ). These results confirmed the important role of IL-12 signaling pathway in TIM-3 induction on T cells.
Because of the ability of IL-12 to upregulate IFN-γ, we next determined whether IFN-γ was involved in IL-12-induced TIM-3 expression on CD4 + T cells isolated from peripheral blood of healthy donors. Surprisingly, the addition of IFN-γ or blockade of IFN-γ by a neutralizing IFN-γ Ab had no effect on the induction of TIM-3 expression on CD4 + or CD8 + T cells (Supplemental Figure  4B and Supplemental Figure 6B ), suggesting that IL-12-induced TIM-3 expression is independent of IFN-γ production. Given that PD-1-expressing T cells are functionally exhausted and TIM-3 is coexpressed with PD-1, we also determined whether IL-12 induces PD-1 expression on T cells. We found that IL-12 had no effect on PD-1 expression on T cells (data not shown).
To determine whether IL-12 induces TIM-3 expression on intratumoral T cells in FL in vivo, we correlated IL-12 serum levels and numbers of intratumoral TIM-3 + T cells in FL patients. We observed that there was a positive correlation between IL-12 serum levels and numbers of CD4 + TIM-3 + T cells in FL patients, although the number of samples was limited ( Figure 5D ).
The blockade of TIM-3 signaling restores IL-12-mediated T-cell dysfunction.
We have shown that long-term exposure to IL-12 leads to reduced T cell function. We also observed that intratumoral TIM-3 + T cells in FL displayed phenotypic and functional characteristics similar to those seen in T cell exhaustion. Furthermore, we found that IL-12 was the only cytokine capable of inducing TIM-3 expression on T cells. Based on these findings, we wanted to determine whether TIM-3 plays a role in IL-12-mediated dysfunction in T cells in FL. To do this, we determined whether blockade of TIM-3 signaling restored T cell dysfunction mediated by long-term exposure to IL-12. It has been shown that an anti-human TIM-3 Ab is able to block interaction of TIM-3 and its ligand, thereby interrupting TIM-3 signaling (23, 41). We measured the cytokine production by CD4 + T cells from peripheral blood of healthy individuals treated with or without anti-TIM-3 Ab (clone F38-2E2) at day 3 (short term) and day 10 (long term). As expected, IL-2 and IFN-γ production in CD4 + T cells treated with IL-12 (100 ng/ml) plus an isotype Ab decreased over time, particularly when day 3 was compared with day 10. Treatment with anti-TIM-3 Ab resulted in a slight initial decrease in IFN-γ production in CD4 + T cells at day 3, but the production of both IL-2 and IFN-γ in CD4 + T cells cultured in the presence of IL-12 and the anti-TIM-3 Ab at day 10 was maintained ( Figure 6A ). Supporting these data, the proliferation was also enhanced in T cells treated with anti-TIM-3 Abs ( Figure 6B ). These results indicated that TIM-3 signaling pathway was involved in T cell dysfunction mediated by longterm exposure to IL-12. To further confirm this finding, we measured cytokine production in TIM-3 -or TIM-3 + T cells treated with without anti-TIM-3Ab at day 3 (short term) and day 10 (long term). As shown in Figure 6C , TIM-3 + CD4 + T cells were the major population of IL-2- or IFN-γ-expressing cells in the presence of IL-12. Long-term culture with IL-12 led to the inability of TIM-3 + CD4 + T cells to produce cytokines. However, interruption of the TIM-3 signaling pathway using the blocking Abs prevented TIM-3 + CD4 + T cells from IL-12-mediated failure to produce cytokines. The number of IL-2- or IFN-γ-expressing cells was significantly higher in the subsets of TIM-3 + CD4 + T cells treated with anti-TIM-3 Abs compared with isotype control at day 10 ( Figure 6D ). These results were consistent with the finding that this Ab blocks interaction of TIM-3 and its ligand and confirmed that TIM-3 signaling plays a crucial role in T cell dysfunction mediated by long-term exposure of IL-12.
Elevated numbers of TIM-3 + T cells correlate with poor outcome in FL. As a result of the presence in FL lymphoma of substantial numbers of TIM-3 + T cells that are functionally exhausted, we predicted that intratumoral TIM-3 + T cells would adversely affect patient outcomes. Using tumor samples from FL patients, which commonly contain a significant number of T cells (Supplemental Figure 7A) , we found that these biopsy specimens contained considerable numbers of TIM-3 + CD4 + T cells, accounting for a median of 4.4% (range: 0.57%-21.14%) of intratumoral MCs (Supplemental Figure 7B) . These cells represented a greater proportion of the intratumoral MCs than other cells shown to affect antitumor immunity in FL, such as CD4 + CD25 + Tregs, which accounted for a median of 2.9% (range: 0.45%-16.3%) of MCs (Supplemental Figure  7C) . We observed that the numbers of TIM-3 + cells, CD4 + TIM-3 + T cells, or CD8 + TIM-3 + T cells were associated with a higher histological grade ( Figure 7A ) and higher serum lactate dehydrogenase (LDH) levels ( Figure 7B ) in FL patients. Furthermore, the frequency of TIM-3 + cells as well as CD4 + TIM-3 + T cells significantly correlated with poorer survival in FL patients ( Figure 7C ). Although PD-1 was coexpressed and correlated with TIM-3 on T cells, the numbers of CD4 + PD-1 + or CD8 + PD-1 + T cells were not associated with survival in FL patients ( Figure 7D ).
Discussion
It is well established that IL-12 induces IFN-γ production by T and NK cells and promotes T H 1 cell development. Given that IFN-γ is critical for the effective activation and engagement of cellular components of the innate and adaptive immune systems (42, 43) , IL-12 has been intensively studied as an agent to boost immune response since it was identified in approximately 1990. In the context of tumors, IL-12 has been investigated as an antitumor agent in mouse models with a variety of types of tumors and displays antitumor properties that are mainly mediated by IFN-γ secretion by CD4 + T cells, CD8 + T cells, and NK cells. However, administration of IL-12 to advanced solid tumors and hematologic malignancies as either monotherapy or in combination with other therapies has resulted in a very limited clinical benefit, with an objective response rate ranging between 0% and 11% (19) . In FL, the administration of IL-12 to boost antitumor immunity has shown an inferior, instead of a superior, clinical benefit. Data from a clinical trial of IL-12 in combination with rituximab in FL showed a lower response rate in patients treated with the combination than in patients treated with rituximab alone (20) . Supporting this observation, we have found that elevated serum levels of IL-12 before treatment were associated with a poor prognosis in FL patients. These results strongly indicate that IL-12 plays a detrimental role in FL. In fact, we observed in vitro that while IL-12 induces IFN-γ expression in CD4 + T cells at short-term culture, long-term exposure to IL-12 results in CD4 + T cells losing the ability to produce IFN-γ, suggesting an impairment of immune response mediated by IL-12. It is completely unknown what underlying mechanisms are involved in IL-12-mediated impairment of T cell function that may result in an inferior effect in FL patients. Our study shows that IL-12 induces T cell dysfunction by upregulating TIM-3 expression on intratumoral T cells, thereby contributing to its detrimental role in FL. TIM-3, a family member of T cell immunoglobulin and mucin domain proteins, was originally identified as a marker for T H 1 cells. It has been recently shown that TIM-3 expression impairs T cell function and leads to T cell exhaustion in viral infections (23) and tumors (25, 26) . We saw a significantly increased number of T cells expressing TIM-3 present in FL that displayed reduced cell signaling and function, suggesting the involvement of TIM-3 in T cell exhaustion in lymphoma. Supporting this, we found that TIM-3 was expressed on multiple T cell subsets in addition to T H 1 (CD4 + T-bet + ) cells. Furthermore, TIM-3 is coexpressed with PD-1, a marker for exhausted T cells. More importantly, the increased numbers of TIM-3 + T cells are associated with a more aggressive histological phenotype and reduced survival in FL. Expression of TIM-3 has previously been reported in lymphoma specimens and is also expressed on endothelial cells, thereby facilitating lymphoma progression (44) .
This raised the question of whether intratumoral TIM-3 + T cells from FL are functionally exhausted or replicatively senescent, since both conditions share common features, such as decreased immune function. However, the 2 processes actually differ in many aspects. Phenotypically, loss of CD28 expression is a significant feature of senescent T cells (35, 45) , although shortening of telomeres is also a key characteristic of senescence (46) . In contrast, increased expression of PD-1 and TIM-3, as shown in the present study, is associated with exhausted T cells. Exhausted T cells display an effector memory cell phenotype and express low levels of L-selectin (CD62L) and CCR7 (35) . Our findings therefore strongly suggest that intratumoral TIM-3 + T cells in lymphoma exhibit an exhausted rather than a senescent phenotype. The underlying mechanism for the significantly high percentage of TIM-3 + T cells in FL is unknown. Given that IL-12 strongly induces TIM-3 expression on T cells, elevated serum levels of IL-12 may be responsible for the existence of highly represented TIM-3 + T cells. This is supported by the finding that serum levels of IL-12 correlate with the number of TIM-3 + T cells in FL. To determine the underlying mechanism by which IL-12 induces TIM-3 expression, we measured the involvement of IFN-γ production (the main product of IL-12), STAT4 phosphorylation (the main component of the IL-12 signaling pathway), and T-bet expression (the main downstream target of the IL-12 signaling pathway) in IL-12-mediated TIM-3 expression. Our results clearly show that STAT4 and T-bet expression are involved in IL-12-mediated TIM-3 induction because the blockade of STAT4 and T-bet expression results in an inability of IL-12 to induce TIM-3 expression, which is consistent with previous work suggesting that T-bet regulates TIM-3 expression (47) . In contrast, IFN-γ production is not involved in IL-12-mediated TIM-3 induction, based on the findings that exogenous addition of IFN-γ or inhibition of IFN-γ activity has no effect on IL-12-mediated TIM-3 expression. A recent study suggests that IL-12-mediated effects, such as upregulation of T-bet expression, are often through an IFN-γ-independent mechanism (48) , which is in agreement with our findings.
We found that TIM-3 expression is not limited to CD4 + T-bet + T cells in lymphoma specimens and that the blockade of T-bet expression results in an inability of IL-12 to induce TIM-3 expression. It appears that T-bet is required for the in vitro effects of IL-12 on TIM-3 expression, but may be dispensable for TIM-3 expression on CD4 + T cells in vivo. While the underlying mechanism leading to these differences between in vitro and in vivo data is unclear, the findings from other studies may provide a partial explanation. For instance, although IL-12 is the only cytokine among the many cytokines we tested that can upregulate TIM-3 expression, other cytokines such as IL-4 (49) or pathophysiological conditions such as pregnancy (49) , inflammation (50) , infection (23) , and carcinogenesis (26) , are also involved in TIM-3 upregulation on T cells. The other conditions are often present in lymphoma patients and may contribute to TIM-3 expression.
In conclusion, we have demonstrated in FL that IL-12, in contrast with its role in augmenting the immune response through IFN-γ, induces T cell exhaustion by upregulating TIM-3 expression independently of IFN-γ induction. We further demonstrated that lymphoma B cells produce IL-12, thereby contributing to T cell exhaustion by promoting TIM-3 expression on intratumoral T cells. Impairment of antitumor immunity due to T cell exhaustion induced by the IL-12/ TIM-3 pathway may account for the observation that high levels of serum IL-12 and increased numbers of TIM-3 + CD4 + T cells correlate with a worse outcome in FL patients. These findings not only reveal a IL-12/TIM-3 pathway that plays an important role in impairing tumor immunity and detrimentally affecting prognosis in FL patients, but may have therapeutic potential for cancer patients in that IL-12-mediated T cell exhaustion could be targeted.
Methods
Patient samples. Patients providing written informed consent were eligible for this study if they had a tissue biopsy that on pathologic review showed FL and adequate tissue or peripheral blood to perform the experiments. PBMCs from healthy donors and LNs from patients with hyperplasia were used as controls.
Cell isolation and purification. Fresh tumor biopsy specimens from patients with FL and control LNs were gently minced over a wire mesh screen to obtain a cell suspension. The cell suspension or peripheral blood from patients or healthy donors was centrifuged over Ficoll-Hypaque at 500 g for 15 minutes to isolate MCs. CD3 + T cells, CD14 + monocytes, or CD19 + B cells were isolated using positive selection with CD3, CD14, or CD19 microbeads (Miltenyi Biotec). CD3 + TIM-3 + or TIM-3 -T cells were isolated by CD3-negative selection, and the resulting CD3 + T cells were incubated with biotin-conjugated TIM-3 Ab followed by incubation with streptavidin-conjugated microbeads.
Intracellular staining and flow cytometry. Intracellular staining was performed following the manufacturer's instructions and cells were analyzed on a flow cytometer. For profiling of cytokine production by TIM-3 + or TIM-3 -T cells, freshly isolated MCs were stimulated with PMA/ion in the presence of protein transport inhibitor brefeldin A for 5 hours. For cytokine production by IL-12-induced TIM-3 + T cells, CD3 + T cells were cultured in anti-CD3-coated plates (BD Biosciences) with anti-CD28 Abs (BD Biosciences) in the presence or absence of IL-12 for 3 days. For IL-12 production by cell subsets, cells were treated with or without IFN-γ for 2 hours and then LPS for another 22 hours. Cells were stimulated with PMA/ion in the presence of brefeldin A for 5 hours. After fixation and permeabilization, cells were stained with fluorochrome-conjugated Abs for IL-17, IL-2, IL-12, granzyme B, or IFN-γ plus surface marker Abs for CD4, CD8, CD11c, or CD19 in each specimen.
Transcriptional factor expression detection. T-bet, GATA-3, RORγt, and Foxp3 expression were determined by flow-based intracellular staining following the manufacturer's instructions. Cells were fixed and permeabilized with reagents from a Foxp3-staining kit (BioLegend). Cells were then stained with fluorochrome-conjugated Abs against T-bet, GATA-3, RORγt, or Foxp3 plus fluorochrome-conjugated anti-CD4, CD8, and TIM-3 Abs for 30 minutes and analyzed by flow cytometry.
CFSE labeling and T cell proliferation assay. CD3 + T cells were washed, counted, and resuspended at 1 × 10 7 /ml in PBS. A stock solution of CFSE (5 mM) was diluted 1:100 with PBS and added to the cells for a final concentration of 5 μM. After 10 minutes at room temperature, cells were washed 3 times with 10 volumes of PBS containing 10% FBS. CFSE-labeled T cells were cultured on OKT3-coated (0.2 μg/ml) 96-well plates at 37°C in the presence of 5% CO2. Cells were harvested at day 3, washed, and stained with PE-anti-CD3 for 30 minutes at 4°C. Cells were washed twice and acquired and analyzed on a flow cytometer.
Luminex and ELISA assay. The concentration of IL-12 in serum or culture supernatants was measured by Luminex (Invitrogen) or ELISA (R&D Systems), respectively. Serum was collected from FL patients before or after treatment with rituximab. Supernatants were harvested from the culture of T cells, B cells, or monocytes stimulated with or without IFN-γ for 2 hours and then LPS for another 22 hours. For the Luminex assay, the serum specimens were thawed, clarified by centrifugation, and assayed according to kit instruction. The specimens were analyzed on a Luminex 200 instrument and results generated using STarStation software. For ELISA, supernatants were collected from the culture of cells and assayed according to the manufacture's instructions. The optical density of each well was determined using a SpectraMax 190 microplate reader (Molecular Devices) set to 450 nm and analyzed using SoftMax Pro 5 software.
TIM-3 expression detection. TIM-3 expression on different cell types was examined by flow cytometry. Cells were stained with anti-TIM-3-PE or APC (R&D systems) plus fluorochrome-conjugated anti-CD3, CD4, CD8, CD11c, CD14, CD19, or PD-1 Abs to quantify TIM-3-expressing subsets. For TIM-3 induction, T cells were cultured in OKT3-coated (0.1-1 μg/ml) plates with anti-CD28 Abs in the presence or absence of indicated stimuli for 3 days. To minimize effect of activation on TIM-3 induction, T cells were cultured in OKT3-coated (0.2 μg/ml) plates in most experiments.
Phosphorylation assay. The phosphorylation of STATs was detected following the manufacturer's instructions (BD Biosciences). Briefly, freshly isolated MCs were stimulated with or without PMA/ion or cytokines for 30 minutes and then fixed and permeabilized using a Phosflow Kit (BD Biosciences). Cells were stained with anti-STAT1, or STAT3, STAT4, or STAT5-Alexa Fluor 647 Abs plus anti-CD3-FITC and TIM-3-PE Abs for 30 minutes and analyzed by flow cytometry.
siRNA transfection. Transfection of CD4 + T cells with siRNA was performed according to the manufacturer's instructions (QIAGEN). GeneSolution siRNA and HiPerFect Transfection Reagent were purchased from QIAGEN. Then 100 nM siRNA for T-bet, STAT4, or STAT5 or a scrambled siRNA was transfected in a 24-well tissue culture plate for 24 hours. After wash, cells were cultured in OKT3-coated plates in the presence or absence of 50 ng/ml IL-12 for 3 days and TIM-3 expression was measured by flow cytometry.
Statistics. Statistical analysis was performed using Student's t test. P < 0.05 was considered significant. A scatter plot of the residuals was performed to determine the best cut point for analysis of the degree of IL-12 levels or TIM-3 frequency. This test was used to determine the levels of serum IL-12 or percentage of TIM-3 + subsets (CD3, CD4, and CD8 cells) that separated the study cohort into 2 groups with the most statistically different progression-free survival. Progression-free survival was measured from the date of study entry until relapse or death from any cause. Patients alive and still at risk of relapse at last follow-up evaluation were censored for analysis of progression-free survival. Progression-free survival of all patients was estimated using the Kaplan-Meier method. The univariate associations between individual clinical features and survival were determined with the log-rank test.
Study approval. The use of human tissue samples for this study was approved by the Institutional Review Board of the Mayo Clinic/Mayo Foundation. Patients provided written, informed consent.
